Fusion of bilayer membranes is studied via dissipative particle dynamics (DPD) simulations. A new set of DPD parameters is introduced which leads to an energy barrier for flips of lipid molecules between adhering membranes. A large number of fusion events is monitored for a vesicle in contact with a planar membrane. Several time scales of the fusion process are found to depend exponentially on the membrane tension. This implies an energy barrier of about 10k B T for intermembrane flips and a second sizedependent barrier for the nucleation of a small hemifused membrane patch.
Introduction.-Fusion of biological membranes is an essential process in many areas of cell biology, from viral fusion to vesicular trafficking and synaptic transmission [1] . Biological membranes are complex systems composed of many different lipids and proteins. For a better understanding of the fundamental processes involved, lipid membranes are often used as simplified model systems [2] . Even in the absence of proteins, the fusion of lipid membranes and vesicles can be experimentally induced by a variety of fusogenic agents such as membrane tension, electroporation, or adsorption of Ca ions. For both biomembranes and lipid bilayers, the early stages of fusion are believed to lead to the formation of a fusion pore, i.e., a necklike connection between the two bilayers, with an initial size of about 10 nm. The corresponding time scale has not been measured, but both patch clamp methods applied to synaptic membranes [3] and ultrafast optical microscopy of giant vesicles [4] indicate that the fusion pore can be formed in less than 100 s.
Since it is currently not possible to resolve these length and time scales experimentally, computer simulations such as Brownian dynamics [5] , Monte Carlo simulations [6] , coarse-grained molecular dynamics (MD) [7] [8] [9] , dissipative particle dynamics (DPD) [10, 11] , atomistic MD [12] , and Markovian state models based on coarse-grained MD [13] have been used to obtain insight into the process of fusion pore formation. Here, we focus on the presumably simplest way to induce lipid bilayer fusion, namely, via membrane tension, which is coupled to hydrodynamics and can be directly controlled in MD [14] and DPD [10, 15] simulations with explicit water, see Fig. 1 .
The experimentally observed frequency of fusion events increases with osmotic inflation of the vesicles [16] which indicates that the energy barriers for fusion can be reduced by increasing membrane tension. This mechanism will be elucidated in the present Letter, in which we report the first measurements of these barriers by computer simulations. In fact, we find that the formation of the fusion pore is governed by two successive barriers in contrast to the various ''stalk'' models, reviewed in [2] , that are based on elastic theories for membrane sheets and advertise the idea of a single energy barrier.
The fusion statistics observed in previous DPD simulations [10] did not indicate any tension-dependent energy barriers. Further studies of the corresponding set of DPD parameters showed that this set is characterized by fast flips of lipid molecules between adhering membranes. In contrast, the present study is based on a new set of DPD parameters, for which these lipid flips have to overcome an energy barrier that depends on membrane tension and contributes to the total barrier for membrane fusion.
Our fusion geometry consists of a vesicle with a diameter of 15 or 30 nm in contact with a planar membrane with an area of 50 nm 2 , see Fig. 1 , which shows one successful fusion event of a 30 nm vesicle. In this example, the vesicle spreads onto the planar membrane and forms a relatively sharp contact angle after 706 ns, see Fig. 1(a) . During the spreading process, the lipids start to flip from the vesicle into the planar membrane after 78.5 ns. This flipping process, which is localized along the contact line, leads to the formation of a bean-shaped, partially fused, and highly disordered membrane domain within the contact zone, see Fig. 1(b) . Finally, an ordered hemifused bilayer patch appears in the middle of the bean-shaped domain and then ruptures to form the fusion pore after about 1334 ns. Figure 1 represents one example of the time evolution of more than 140 fusion attempts that we have simulated and analyzed. We used the initial tensions of the membranes as control parameters that were changed by varying the projected areas per lipid. In contrast to the DPD parameters used in Ref. [10] , the new parametrization used here leads to fusion times that depend strongly on the initial tension. A detailed analysis of this dependence shows that the observed fusion process is governed by two successive energy barriers: a first barrier for the interbilayer flips of lipid molecules and a second one for the nucleation of an ordered hemifused bilayer patch.
Our Letter is organized as follows. First, we briefly review the DPD simulation method and our membrane models. Second, we discuss the qualitative features of the different pathways observed after initial contact between vesicle and planar membrane. Third, we describe our quantitative results about the dependence of the fusion statistics on the initial membrane tension. Finally, the observed fusion times are analyzed and shown to involve two tension-dependent energy barriers.
Simulation method.-The DPD model explicitly includes water, reproduces the correct hydrodynamics [17, 18] , and can be used to explore the self-assembly and phase behavior of lipid molecules in water [15, 19, 20] . The DPD particles or beads represent small fluid volumes rather than single atoms or molecules, so that their interaction potentials become softly repulsive and short ranged, see Appendix A in [21] . All potentials are taken to have the same range r o but their amplitudes a ij differ for different bead species. We use three different species of beads: head (H), chain (C), and water (W) beads. Each lipid molecule consists of a headgroup with three H beads and two chains with 2 4 C beads as in [10, 14] . This architecture corresponds to the phospolipid dimyristoylphosphatidylcholine (DMPC), see Appendix A in [21] .
It is generally believed that the hydration of lipids acts to stabilize membrane adhesion and to prevent their fusion. This implies that, in the absence of membrane tension, intermembrane flips of lipid molecules experience a substantial energy barrier which should correspond to the hydration energy of a single chain or of a splayed lipid configuration with one chain inserted in each membrane (the latter configuration has been observed both in coarsegrained [8] and all-atom molecular dynamics simulations [12] ). The hydration energy for a fully hydrated DMPC molecule is about 23:8k B T as can be estimated from the functional dependence of the critical micelle concentration on the chain length [22] . One thus expects an energy barrier E ;0 of the order of 10k B T for flips between two adhering DMPC membranes.
For our coarse-grained model of DMPC, we have determined this barrier by simulating the following process. Starting from two adhering planar membranes in their tensionless state, a single C bead was pulled slowly by an external force until the corresponding lipid assumed the aforementioned splayed configuration with one chain inserted in each membrane. We measured the average work performed during this process which provides an estimate for the energy barrier E ;0 . For the new DPD parameter set used here, we found that E ;0 9 2k B T.
In addition, the new parameter set leads to an essentially linear relationship between the (projected) molecular area A of the lipid molecules in the planar membrane and the membrane tension , see Appendix B in [21] . It is convenient to define the dimensionless molecular area A of the planar membrane is controlled by varying the number of lipids for constant size of the simulation box, which is a cuboid with a base area of 50 nm 2 . The box height is taken to be 35 and 50 nm for vesicles with a diameter of 15 and 30 nm, respectively. The basic length scale is obtained from the molecular area of the DMPC lipids and the basic time scale from their inplane diffusion constant, see Appendix A in [21] .
Fusion process and alternative pathways.-Using this fusion protocol, we have monitored more than 140 fusion attempts between vesicle and planar membranes. Initially, the vesicle spreads onto the planar membrane and adheres to it. This spreading process increases the tension of the vesicle membrane since this membrane develops a roughly planar contact area whereas the vesicle volume stays essentially constant. While the contact area is growing, lipids close to the contact line start to undergo interbilayer flips from the vesicle into the planar membrane. The flipping chains force the head beads to move apart, strongly perturbing the local bilayer structure.
These interbilayer flips lead to a bean-shaped, partially fused membrane domain characterized by intermingling of the lipids and direct contact of the hydrophobic cores of the two bilayers. This rearrangement is initiated at the contact line because (i) the vesicle membrane has a pronounced ''kink'' of high curvature along this line and (ii) the vesicle lipids are already tilted with respect to the planar membrane so that the necessary rotational displacement for the PRL
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218101-2 flips is reduced. The partially fused membrane domain grows along the contact line, while the lipids in its center again assume a more ordered state corresponding to a hemifused bilayer patch. This bilayer patch grows for a relatively short time, typically between 150 and 300 ns, before it ruptures to form the final fusion pore. All successful fusion events involve the same membrane conformations, differing mainly in the times needed for the different intermediate steps. Especially the duration of the adhering state varies greatly and depends strongly on the initial tension . For relatively large , the fusion process starts on first contact, whereas for small , lipid exchange between the membranes is slowed down leading to large contact areas and long adhesion times.
Fusion is not the only relaxation pathway. Alternative outcomes are (meta)stable adhesion or hemifusion for low molecular area A and rupture of tense membranes. If the initial value of A is only slightly larger than A 0 corresponding to 0, the contact area grows until the system reaches a mechanical equilibrium state, for which the forces along the contact line are balanced. This state is characterized by a small rate of interbilayer flips.
Fusion statistics. -Despite these alternative pathways, the majority of fusion attempts leads to fusion for the bilayer membranes studied here. For the 15 and 30 nm vesicles, 55 out of 83 and 40 out of 62 fusion attempts were successful, respectively. The frequencies of the different pathways are given in Appendix C in [21] .
As far as the vesicle size is concerned, we observe several qualitative differences between the fusion processes of the larger and smaller vesicles. For A 1:4, for example, most 15 nm vesicles fused within 4 s whereas we did not observe any fusion of 30 nm vesicles up to 12 s. For the unsuccessful fusion attempts, the smaller and larger vesicles preferentially attained hemifused and adhering states, respectively. This can be understood from a balance between adhesion and elastic energies which dominate for large and small vesicles, respectively.
In addition to the success rate, the tension of the planar membrane also determines the fusion time, t fu , which is the time from the first contact between planar membrane and vesicle until the opening of the fusion pore. The cumulative histograms for the observed fusion times of the 30 nm and 15 nm vesicles are displayed in Fig. 2(a) and 2(b) , respectively. The different colors used in these histograms correspond to different molecular areas A of the planar membrane whereas the different shades of each color reflect the molecular area A ve of the vesicle membrane. Long fusion times correspond to vesicles that attain an intermediate adhering state in mechanical equilibrium. Thus, it is rather likely that some of the events that were observed to stay in the adhering state up to 12 s will eventually fuse on longer time scales. Figure 2 also shows that the fusion time distribution is shifted towards larger values and attains a larger width as one decreases the initial area and, thus, the membrane tension.
Fusion times and energy barriers.-The data for the average fusion time ht fu i and for the width t fu ht fu ÿ ht fu i 2 i p of the fusion time distribution are displayed in Fig. 3 . Inspection of this figure shows that both time scales decay exponentially with increasing A ÿ A 0 , where A 0 1:25 is the molecular area of the tensionless state as before. Using the linear dependence of tension on A ÿ A 0 , see Appendix B in [21] , the average fusion time is found to behave as ht fu i t fu;0 expÿ A with t fu;0 ' 9:0 s and A ' 0:52 for the 15 nm vesicle as well as t fu;0 ' 178 s and A ' 1:0 for the 30 nm vesicle. Since both the average fusion time ht fu i and the width t fu grow exponentially as one reduces the tension, it becomes exceedingly difficult to determine these time scales as one approaches the tensionless state.
In order to further analyze the functional dependence of the fusion time on the tension , we decompose the fusion process into three subprocesses. (i) Subprocess consists of the adhesion process from the first contact between the two bilayers up to the time when the first lipid molecules flip from the vesicle to the planar membrane. The duration of this process defines the first flipping time t .
(ii) Subprocess consists of the intermingling and partial fusion process starting with the first interbilayer flip up to the nucleation of the ordered hemifused patch. The duration of this second process defines the reordering time t . (iii) Subprocess corresponds to the rupture of the hemifused patch which leads to the fusion pore. By definition, the total fusion time t fu t t t .
For process , the hydrated lipid head groups of the well-ordered bilayers provide an energy barrier, E , for the flips of the lipid chains. For vanishing tension, the corresponding energy barrier should be comparable to E ;0 9 2k B T as measured directly for two adhering planar membranes. This energy barrier should be reduced with increasing tension since such an increase moves the head groups in the planar membrane further apart. Thus, the dimensionless barrier E E =k B T should have the functional form E E ;0 ÿ A with a characteristic area A , and the average value, ht i, of the first flipping time should behave as ht i t sc exp E ;0 ÿ A . Such an exponential decay of ht i with increasing tension is indeed observed in our simulations with A ' 0:19 and 0.16 for the 15 nm and the 30 nm vesicles, respectively, see Fig. 3 .
It is also plausible that the nucleation of an ordered bilayer patch within the disordered, partially fused membrane domain is a thermally activated process. The corresponding energy barrier should have the analogous form E E ;0 ÿ A , where E ;0 is the energy barrier for the process at zero tension and A another characteristic area. The average reordering time should then behave as ht i t sc exp E ;0 ÿ A . Such an exponential decay of ht i with increasing tension is again observed in our simulations with E ;0 12:1 2 and 15:5 2 as well as A ' 0:69 and 1.12 for the 15 nm and the 30 nm vesicles, respectively, see Fig. 3 . Because of the exponential dependence of both ht i and ht i, an improved fit to the average fusion time ht fu i consists of two superimposed exponentials.
Summary.-In summary, we have introduced a new set of DPD parameters for which the intermembrane flips of lipid molecules represent a thermally activated process. These bilayer membranes exhibit a fusion pathway that is governed both by the energy barrier for intermembrane flips and by a second barrier for the nucleation of a small hemifused membrane segment. The corresponding fusion times increase exponentially with decreasing tension as displayed in Fig. 3 . It would be highly desirable to obtain experimental data on intermembrane flips and the corresponding energy barrier E for a specific lipid such as DMPC. We could then further optimize the DPD parameters in order to match the measured value of this barrier and, thus, to predict the fusion statistics for this lipid species in a quantitative manner.
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